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Abstract 

An  enzyme-based  glucose/02  biofuel  cell  was  constructed  within  a  microfluidic  channel  to  study  the  influence  of  electrode  configuration  and 
fluidic  channel  height  on  cell  performance.  The  cell  was  composed  of  a  bilirubin  oxidase  (BOD)-adsorbed  02  cathode  and  a  glucose  anode  prepared 
by  co-immobilization  of  glucose  dehydrogenase  (GDH),  diaphorase  (Dp)  and  VK3 -pendant  poly-L-lysine.  The  consumption  of  02  at  the  upstream 
cathode  protected  the  downstream  anode  from  interfering  02  molecules,  and  consequently  improved  the  cell  performance  (maximum  cell  current) 
ca.  10%  for  the  present  cell.  The  cell  performance  was  also  affected  by  the  channel  height.  The  output  current  and  power  of  a  0.1  mm-height  cell 
was  significantly  less  than  those  of  a  1  mm-height  cell  because  of  the  depletion  of  02,  as  determined  by  the  shape  of  the  E-I  curve  at  the  cathode. 
On  the  other  hand,  the  volume  density  of  current  and  power  was  several  times  higher  for  the  narrower  cell. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Various  kinds  of  miniature  devices  for  ubiquitous  power  sup¬ 
plies  have  been  developed  in  recent  years  [1-5].  The  enzymatic 
biofuel  cell  is  one  option  for  such  a  device  because  it  works  under 
mild  conditions:  room  temperature,  neutral  pH  and  atmospheric 
pressure  [6-21]  that  increase  freedom  of  construction  includ¬ 
ing  miniaturization.  The  enzymatic  biofuel  cells  are  composed 
of  a  couple;  an  anode  and  cathode,  modified  with  an  enzyme 
catalyst  and  usually  an  electron  transfer  mediator,  and  they  gen¬ 
erate  electric  power  from  an  aerobic  solution  containing  biofuel 
such  as  glucose.  The  dissolved  molecular  O2  is  the  substrate 
of  the  cathodic  enzyme  reaction  and  also  acts  as  the  interfer¬ 
ing  substance  for  anode  reactions.  It  is  experimentally  known 
that  the  dissolved  O2  can  intercept  electrons  from  the  anode 
(enzymes  and/or  mediators)  and  consequently  lower  the  exter¬ 
nally  delivered  power.  For  example,  Heller’s  group  has  reported 
that  the  power  density  of  their  biofuel  cell  in  O2- saturated  solu¬ 
tion  was  30%  lower  than  that  in  air  because  of  the  undesirable 
electron  transfer  from  glucose  oxidase  (GOD)  to  the  dissolved 
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O2  [22-25].  Also,  we  have  studied  a  glucose  anode  prepared 
by  co-immobilization  of  enzymes  and  vitamin  K3  (VK3)  as 
an  electron  mediator  [6,9],  and  reported  lower  performance  in 
the  aerobic  solution  [6]  probably  caused  by  leakage  of  elec¬ 
trons  from  enzymes  and  VK3  to  O2  molecules.  In  addition  to 
these  energy  losses  due  to  reversible  reaction  with  O2,  irre¬ 
versible  oxidative  degradation  of  mediators  and  enzymes  could 
become  serious  during  longer  periods  of  operation  [26].  The 
simple  answer  to  address  these  unfavorable  reactions  of  O2  at 
the  anode  is  to  compartmentize  the  deoxygenized  anode  room 
and  oxygenized  cathode  room  by  a  separator  [  17]  or  laminar  flow 
[7].  Such  complicated  systems,  however,  may  not  be  suitable  to 
miniature  power  sources.  In  contrast,  we  have  another  choice 
to  decrease  the  O2  flux  to  the  enzymatic  anode  and  that  is  by 
electrode-arrangement  in  the  single  flow  channel.  The  upstream 
cathode  may  deplete  O2  from  the  vicinity  of  the  downstream 
anode  within  a  microfluidic  channel. 

In  the  work  reported  in  this  paper,  we  constructed  an 
enzyme-based  microfluidic  biofuel  cell  composed  of  a  bilirubin 
oxidase  (BOD)-adsorbed  O2  cathode  and  a  glucose  anode  pre¬ 
pared  by  co-immobilization  of  glucose  dehydrogenase  (GDH), 
diaphorase  (Dp)  and  VK3 -pendant  poly-L-lysine.  We  studied  the 
effects  of  pre-electrolysis  of  O2  at  the  upstream  cathode  on  the 
performance  of  the  downstream  anode  both  experimentally  and 
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Fig.  1.  Schematic  illustration  and  photograph  of  microfluidic  biofuel  cell  with  (A;)  the  close  up  top  view  of  the  electrodes  and  (A")  the  cross-sectional  view  of  a 
COMSOL  simulation  of  an  O2  depletion  layer  forming  along  the  channel. 


theoretically  under  regulated  conditions:  flow  velocity,  electrode 
length,  electrode  gap  and  channel  height.  Based  on  the  results 
obtained,  the  optimum  design  of  a  fluidic  cell  will  be  discussed 
from  the  aspects  of  power  and  power  density. 

2.  Experimental 

2.7.  Reagents 

The  synthesis  of  the  redox  polymer  VK3  -modified  poly- 
L-lysine  (PLL-VK3)  has  been  described  previously  [6].  The 
diaphorase  (Dp)  from  Bacillus  stearothermophilus  (EC  1.6.99, 
1090  U  mg-1)  was  purchased  from  Unitika.  NAD+ -dependent 
glucose  dehydrogenase  (GDH;  EC  1.1.1.47,  250Umg_1)  was 
donated  by  TOYOBO.  Bilirubin  oxidase  (BOD)  from  Myrothe- 
cium  sp.  (EC  1. 3. 3. 5,  2.45  U  mg-1)  was  purchased  from  Amano 
Enzyme  Inc.  Ketjenblack  (KB ;  EC-600JD)  was  supplied  by  Ket- 
jen  Black  International,  Inc.  NAD+  was  used  as  received  from 
Oriental  Yeast  Co. 

2.2.  Electrodes  preparation 

A  PLL-VK3/Dp/GDH-coated  KB  electrode  was  prepared 
as  previously  reported  [6].  A  brief  description  of  the 
preparation  follows.  Unless  otherwise  indicated,  the  enzyme 
solutions  for  electrode  modification  were  prepared  using  50  mM 
phosphate  buffered  solution  (pH  7.0).  An  8  p,L  PLL-VK3 
solution  (4.83  mM  VK3)  was  mixed  with  a  2  (xL  Dp  solu¬ 
tion  (14  p,g  p,L-1)  and  1  jjlL  of  KB  dispersed  water  (ca. 
13  mg  mL-1 ).  A  5.3  p,L  portion  of  the  resulting  solution  was  put 
onto  a  gold  film  electrode  (surface  area,  0.028  cm2)  on  a  glass 
substrate,  and  was  left  to  dry  in  air.  To  create  the  enzymatic 
bilayer,  the  surface  of  a  PLL-VK3 /Dp-coated  KB  electrode  was 
coated  with  1.6  p,L  of  a  solution  composed  of  equal  volumes  of 
a  16  p,g  jjlL-1  GDH  solution  and  a  16mgmL-1  PLL  solution. 


A  BOD-adsorbed  KB  electrode  was  prepared  as  described 
below.  A  mixture  of  3:1  weight  ratio  of  KB  and 
poly(tetrafluoroethylene)  (MW  5000-20,000,  Wako)  was  dis¬ 
persed  in  isopropanol  (2mgmL-1),  and  applied  to  a  gold 
electrode  (O.llmLcm-2)  followed  by  overnight  drying  in  a 
70  °C  oven.  And  then,  BOD  was  adsorbed  to  the  KB  electrode  by 
dipping  in  the  5  mg  mL-1  BOD  solution  for  10  min  and  washed 
with  phosphate  buffer  solution  for  1 0  min.  The  measurement  was 
carried  out  before  the  BOD-modified  electrode  dried  completely 
because  the  BOD  loses  its  activity  in  the  dry  state  [27,28]. 

2.3.  Microfluidic  biofuel  cell  and  electrochemical 
measurements 

We  constructed  microfluidic  fuel  cells  of  the  type  shown  in 
Fig.  1.  Film  electrodes  were  patterned  on  the  surfaces  of  glass 
slides  by  photolithography  and  spattering,  which  is  a  lift-off 
process.  Both  anode’s  (2.8  mm  width,  1  mm  long)  and  cathode’s 
(2.8  mm  width,  10  mm  long)  Au  current  collectors  were  modi¬ 
fied  by  KB  and  enzymes.  The  gap  between  anode  and  cathode 
was  0.5  mm.  The  Ag|  AgCl  electrode  was  fabricated  by  coating 
a  Pt  film  with  Ag|AgCl  ink  (BAS  Inc.)  that  was  then  cured  at 
80  °C  for  2  h.  A  negative  of  the  channel  shape  was  prepared  by 
thick  photoresist  (SU-8  2050,  Microchem)  by  photolithography 
and  transcribed  to  polydimethylsiloxane  (PDMS;  SYLPOT  184 
W/C,  Dow  Corning  Toray)  slabs,  so  as  to  producing  channels  of 
3  mm  width  and  0. 1  mm  or  1  mm  height. 

All  electrochemical  measurements  were  performed  in  50  mM 
phosphate  buffer  solution  (pH  7.0)  containing  0.1  M  NaCl 
at  room  temperature.  The  electrochemical  properties  of  the 
electrodes  were  characterized  using  a  bipotentiostat  (Electro¬ 
chemical  Analyzer,  Model  600S,  BAS)  with  three  electrode 
system  containing  an  enzyme-modified  electrode  as  the  working 
electrode,  an  Ag|AgCl  (0.1  M  NaCl)  reference  electrode  and  a 
platinum  counter  electrode.  The  fuel  cell  performance  was  eval¬ 
uated  by  measuring  the  cell  voltage  while  varying  the  external 
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resistance  between  5  and  200  kQ.  When  we  evaluated  the  elec¬ 
trode  performance  in  the  various  O2  concentration  solutions,  we 
bubbled  the  reservoir  solution  with  N2  or  O2.  A  micro  syringe 
pump  (Kd  Scientific,  Model  210)  was  used  to  make  a  steady 
flow  in  the  microfluidic  channel.  The  Reynolds  number  of  the 
flow  was  small  enough  to  maintain  laminar  flow. 

2.4.  Numerical  simulations 

To  asses  the  shape  of  the  depletion  zone  of  the  O2  in  the  fluidic 
channel,  we  simulated  a  microfluidic  biofuel  cell  using  finite  ele¬ 
ment  method  software  COMSOL  multiphysics  3.1  (COMSOL 
AB)  (Fig.  1A").  The  simulation  was  carried  out  by  coupling 
the  Navier-Stokes  equation,  continuity  equation  and  the  mass 
balance  equation,  assuming  the  flow  velocity  at  the  surface  of 
the  wall  is  zero  (non- slip  flow)  and  O2  concentration  at  the 
surface  of  the  cathode  is  zero.  The  diffusion  coefficient  of  O2 
was  set  to  2  x  10-9  m2  s-1  [27],  the  bulk  concentration  of  O2 
to  0.2 mol m-3,  the  fluid  density  to  1  x  103kgm-3,  fluid  vis¬ 
cosity  to  1  x  10-3  kgm-1  s-1  and  the  average  flow  velocity  to 
1.7  x  10-3  ms-1.  Channel  height  and  cathode  length  were  set 
to  1  mm  and  to  10  mm,  respectively. 

3.  Result  and  discussion 

3.1.  Linear  sweep  voltammetry  of  anode  and  cathode  in  a 
microfluidic  channel 

Fig.  2a  shows  linear  sweep  voltammograms  (LSVs)  of  glu¬ 
cose  anode  (2.8  mm2)  in  0.3  mL  min-1  (10  cm  min-1)  flow  of 
N2-bubbled  phosphate  buffer  solution  containing  10  mM  glu¬ 
cose  and  1.0  mM  NAD+  (•  •  •),  with  a  sigmoidal  shape  reaching 
27  jxA  (ca.  1  mA  cm-2).  The  glucose  oxidation  current  depends 


Fig.  2.  LSVs  of  (a)  anode  and  (b)  cathode  in  N2-bubbled  (•  •  •),  air-saturated 
( — ),  and  02-bubbled  ( — )  50 mM  phosphate  buffer  (pH  7)  containing  0.1  M 
NaCl,  1  mM  NAD+  and  lOmM  glucose  at  room  temperature,  with  a  flow  rate 
of  0.3  mL  min-1 .  Scan  rate:  2  mV  s_1 .  Channel  height:  1  mm. 


on  the  flow  rate  as  previously  reported  [6].  The  higher  flow  rate 
leads  to  higher  current.  The  glucose  oxidation  currents  obtained 
in  air- saturated  solution  ( — )  and  O2- saturated  solution  ( — ) 
were  somewhat  smaller  than  that  in  N2-bubbled  solution,  prob¬ 
ably  because  the  dissolved  O2  competes  with  electron  relay  at 
the  PLL-VK3/DP/GDH/KB  electrode.  In  addition  to  this  short¬ 
term  adverse  effect  of  dissolved  O2  to  anode,  the  irreversible 
oxidative  degradation  would  occur  during  longer  operation. 

The  LSVs  of  BOD-adsorbed  KB  electrode  (10  mm  long, 
28  mm2)  are  shown  in  Fig.  2b.  In  N2-bubbled  solution  (•  •  •), 
only  a  small  current  was  observed,  but  in  air- saturated  ( — )  and 
02-bubbled  solution  ( — ),  the  O2  reduction  catalytic  current 
clearly  appeared  at  a  potential  more  negative  than  0.45  V.  The 
starting  potential  of  O2  reduction  current  was  about  0.2  V  more 
positive  than  for  the  case  with  Pt  electrode  as  the  cathode  [6] . 
This  superior  performance  of  a  BOD-modified  electrode  has 
been  already  reported  by  Tsujimura  and  Kano  [8,27-30].  This 
was  due  to  the  direct  electron  transfer  of  BOD.  The  catalytic 
current  reached  41  jxA  in  air  saturated  solution  and  120  jxA  in 
02-bubbled  solution.  The  shape  of  LSV  was  not  influenced  by 
the  additional  presence  of  NAD+  and  glucose  owing  to  the  satis¬ 
fying  reaction  selectivity  of  KB/BOD  electrode  to  O2  reduction. 
We  have  set  the  flow  rate  at  10  cm  min-1,  where  the  diffusion 
layer  of  O2  grows  up  to  a  few  hundred  p,m  but  does  not  cover 
the  1  mm  channel  height,  as  theoretically  discussed  later. 

As  described  above,  we  measured  the  polarization  curve  of 
the  glucose  electrode  and  O2  electrode  individually  under  oper¬ 
ating  conditions  of  the  fuel  cell  by  using  the  microfluidic  biofuel 
cell  system  that  internally  contains  a  reference  electrode  and  a 
counter  electrode.  In  order  to  balance  the  current  at  anode  and 
cathode,  we  set  the  area  of  the  cathode  (28  mm2)  ten  times  larger 
that  the  anode  (2.8  mm2).  The  combination  of  these  electrodes 
is  expected  to  show  OCV  of  ca.  0.8  V  and  maximum  current 
of  ca.  25  pi  A  (as  limited  by  anode)  in  the  air- saturated  glucose 
solution.  This  expected  cell  performance  could  be  obtained  only 
if  the  anode  is  protected  from  O2  without  decreasing  O2  flux  to 
the  cathode. 

3.2.  O2  reduction  at  upstream  cathode 

With  the  aim  of  decreasing  the  O2  flux  to  the  anode  as  sim¬ 
ulated  in  Fig.  1A",  we  experimentally  studied  the  effect  of 
pre-reduction  of  O2  at  a  cathode  set  upstream  of  the  fluidic 
channel.  Fig.  3a  shows  the  currents  at  the  downstream  glucose 
anode  versus  the  O2  reduction  current  at  the  upstream  cathode. 
The  glucose  oxidation  current  (at  0  V  vs.  Ag|AgCl)  was  suc¬ 
cessfully  increased  by  the  pre-reduction  of  O2  by  up  to  23  jxA, 
nearly  equal  to  that  observed  in  the  N2 -bubbled  solution  ( — ), 
suggesting  that  the  degree  of  decrease  in  O2  flux  in  the  vicinity 
of  the  anode  was  sufficient  to  prevent  the  adverse  reaction  of 
O2.  The  pre-reduction  should  become  more  significant  at  lower 
glucose  concentration  or  higher  O2  concentration  due  to  the  rel¬ 
atively  larger  flux  of  competitive  O2.  The  O2  flux  downstream 
was  estimated  by  experiments  using  the  KB /BOD  electrode  for 
both  upstream  and  even  downstream  (Fig.  3b).  The  O2  reduction 
current  (at  —0.4  V  vs.  Ag|AgCl)  at  the  downstream  KB/BOD 
electrode  (/q2  at  downstream)  decreased  linearly  with  increasing 
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Fig.  4.  (a)  V-I  curve  of  microfluidic  biofuel  cell  ( — ),  and  (b)  E-I  curves  of  anode 
(•  •  •)  and  cathode  ( — )  operating  under  air-saturated  phosphate  buffer  (pH  7) 
containing  0.1  M  NaCl,  lOmM  glucose  and  1  mM  NAD+  at  room  temperature, 
with  a  flow  rate  of  0.3  mL  min-1 .  The  cells  were  operated  with  upstream  cathode 
(•)  or  downstream  cathode  (■).  Channel  height:  1  mm. 

upstream  cathode,  while  the  small  cathode  has  the  disadvantage 
for  generating  larger  power. 


Fig.  3.  (a)  Glucose  oxidation  current  of  downstream  glucose  anode  (/glucose 
at  downstream)  vs.  O2  reduction  current  of  upstream  BOD  cathode  (/o2  at 
upstream),  and  (b)  O2  reduction  current  of  downstream  BOD  electrode  ( 1q2 
at  downstream)  vs.  O2  reduction  current  of  upstream  BOD  electrode  (/o2  at 
upstream),  measured  in  the  phosphate  buffer  (pH  7)  containing  0.1  M  NaCl, 
lOmM  glucose  and  1  mM  NAD+  at  room  temperature,  with  a  flow  rate  of 
0.3  mL  min-1 .  Channel  height:  1  mm. 

pre-reduction  current  (/o2  at  upstream)  -  This  linear  relationship  can 
be  expressed  as  the  equation, 

/downstream  =  ^downstream  —  ^upstream  (1) 

where  downstream  current  at  the  downstream  electrode 

when  /upstream  =  0,  and  N  is  the  efficiency  of  O2  elimination 
estimated  as  0.065  from  the  decay  of  the  plot.  The  experimen¬ 
tal  N  value  (0.065)  is  unfortunately  inferior  to  the  theoretical 
one  (A/th  =  0.13)  calculated  by  the  equation  for  the  channel 
flow  electrode  system  [31],  probably  because  of  unknown  fac¬ 
tors  affecting  N:  e.g.,  the  thickness  (several  tens  of  p,m)  and 
roughness  of  the  KB  electrodes.  The  Mh  is  the  function  of 
only  electrode  configuration  [31],  and  suggests  that  a  higher 
Mh  would  be  obtained  by  a  narrower  electrode  gap  and  smaller 


3.3.  Microfluidic  biofuel  cell  performance 

By  connecting  enzymatic  anode  and  cathode  through  exter¬ 
nal  resistance,  biofuel  cell  performance  was  evaluated  for 
0.3  mL  min-1.  Fig.  4a  shows  the  cell  performance  (V-I  curve) 
in  an  air- saturated  solution  with  an  open  circuit  voltage  (V0c) 
of  around  0.8  V  and  maximum  current  (/max)  of  over  20  p,A. 
This  is  in  agreement  with  the  prediction  from  performance  of 
each  anode  and  cathode  (Fig.  2).  The  V-I  curve  obtained  with 
the  upstream-cathode  cell  (•)  was  bigger  than  that  with  the 
downstream-cathode  cell  (A),  especially  in  the  higher  current 
region.  The  /max  increased  10%  by  placing  the  cathode  upstream, 
mainly  reflecting  the  improved  anode  as  judged  from  the  analogy 
between  the  shape  of  the  V-I  curve  of  the  cell  ( — )  and  the  E-I 
curve  of  the  anode  (•••)•  The  E-I  curve  of  the  cathode  ( — )  was 
also  somewhat  changed,  indicating  the  consumption  of  O2  at  the 
upstream  anode  by  the  adverse  reaction  with  enzymes  and  medi¬ 
ators.  Another  separate  experiment  with  an  O2 -bubbled  solution 
brought  smaller  7max  (ca.  20  pA)  due  to  the  larger  O2  flux  to 
the  upstream  anode,  which  was  improved  15%  by  pre-reduction 
of  O2  at  the  upstream  cathode.  These  results  have  proven  that 
the  cell  design  with  upstream  cathode  is  effective  in  protect- 
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axis  of  the  tube  (r  =  0)  (cms-1).  From  Eq.  (2),  the  thickness  of 
the  O2  depletion  layer  under  the  flow  condition  of  10  cm  min-1 
(0.3  mL  min-1)  is  calculated  to  be  about  several  hundred  |xm  at 
a  position  1  mm-downstream  from  the  leading  edge  of  the  cath¬ 
ode,  which  can  fully  cover  the  0.1  mm-height  fluidic  channel 
and  lower  cell  performance.  On  the  other  hand,  from  the  view¬ 
point  of  the  “volume  density”,  the  0.1  mm-height  narrower  cell 
is  superior  to  the  1  mm-height  cell;  the  volume  density  of  7max 
and  Fmax  of  the  0.1  mm-height  cell  was  3.8  times  and  2  times, 
respectively,  as  large  as  those  of  the  1  mm-height  cell.  The  opti¬ 
mum  efficient  operation  with  the  highest  density  of  output  would 
be  at  the  flow  condition  forming  depletion  layer  comparable  to 
the  channel  height. 
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Fig.  5 .  (a)  V-I  curves  of  sandwich  type  microfluidic  biofuel  cell  ( — ),  and  (b)  E-I 
curves  of  anode  (•  •  •)  and  cathode  ( — )  operating  under  air-saturated  phosphate 
buffer  (pH  7)  containing  0.1  M  NaCl,  lOmM  glucose  and  1  mM  NAD+  at  room 
temperature,  with  a  mean  flow  rate  of  10  cm  min-1 .  Channel  height:  1  mm  (•) 
and  0.1  mm  (■). 


ing  the  anode  from  the  oxidative  environment  and  consequently 
improving  cell  performance. 

We  also  studied  the  performance  of  microfluidic  biofuel 
cells  having  electrodes  on  both  bottom  and  upper  walls  of  the 
channel  (Fig.  5).  These  were  constructed  by  sandwiching  a  sil¬ 
icone  rubber  spacer  of  0.1  mm  or  1  mm  thickness  between  two 
electrode-patterned  glass  slides.  Both  glass  slides  have  a  set  of 
upstream  cathode  and  downstream  anode.  The  /max  of  the  1  mm- 
height  cell  (44  jxA)  was  almost  twice  that  for  the  case  of  a  single 
set  of  electrodes  as  shown  in  Fig.  4.  This  result  directly  cor¬ 
responds  to  the  increased  electrode  area.  In  contrast,  the  /max 
of  0.1  mm-height  cell  (▲)  composed  of  two  sets  of  electrodes 
became  rather  small  mainly  because  of  depletion  of  O2  in  the 
narrower  flow  channel,  as  presumed  from  the  degraded  cathodic 
I-E  curve.  Theoretically,  at  the  maximum  diffusional  flux  (c  =  0 
at  the  electrode  surface),  the  thickness  of  the  diffusion  bound¬ 
ary  layer  8  (cm)  formed  on  the  electrode  within  a  tube-shaped 
channel  is  expressed  as  [32], 


1  /DRx\lp 


(2) 


where  D  is  the  diffusion  coefficient  (cm2  s-1),  R  the  radius  of 
the  tube,  v  the  distance  measured  downstream  from  the  leading 
edge  of  the  electrode  (cm)  and  vq  is  the  maximum  velocity  at  the 


4.  Conclusion 

We  constructed  an  enzyme-based  microfluidic  biofuel  cell 
to  study  the  effects  of  pre-electrolysis  of  O2  at  the  upstream 
cathode  on  the  performance  of  the  downstream  anode  under 
regulated  fluidic  conditions.  The  upstream  cathode  successfully 
reduced  the  O2  flux  to  the  anode,  and  consequently  improved 
the  glucose  oxidation  performance.  The  maximum  cell  current 
with  the  upstream-cathode  cell  was  about  10%  higher  than  that 
with  the  downstream-cathode  cell.  It  was  experimentally  demon¬ 
strated  that,  we  need  to  take  into  account  the  depletion  of  fuel  and 
oxidant  within  the  channel  that  depends  on  the  channel  height 
and  flow  rate  in  addition  to  the  electrode  configuration.  One 
of  the  optimum  operating  conditions  would  be  when  the  flow 
forming  depletion  layer  is  comparable  to  the  channel  height. 
The  active  O2  supply  from  external  air  through  the  channel 
wall  should  be  effective  in  improving  the  cell  performance.  In 
such  an  O2 -concentrated  condition,  the  cell  construction  with 
upstream  cathode  would  become  more  significant  to  maintain 
anode’s  performance. 
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